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The National Bureau of Standards (NBS) e s t a b -  
l i shed  two new time and frequency s e r v i c e s  i n  
1983. They permit t h e  user  t o  obta in  time an 
frequency t raceable  t o  t h e  NBS with g r e a t e r  
p r e c i s i o n  and less e f f o r t  than previously 
possible. The new s e r v i c e s  are for u s e r s  who 
r e q u i r e  time t r a n s f e r  accurac ies  i n  t h e  t h r e e  
nanosecond to  one microsecond range or i re  ency 
c a l i b r a t i o n  ca b i l l t y  i n  t h e  1 p a r t  i n  10" t o  
one p a r t  i n  10'' range. However, many appl ica-  
t i o n s  not  r e q u i r i n g  this l e v e l  of p r e c i s i o n  may 
b e n e f i t  from these s e r v i c e s  because of t h e  high 
degree of automation, s i m p l i c i t y  of use, and 
8upport from t h e  NBS. 

Fr uency c a l l b r a t i  n requirements a t  the  p a r t  i n  
10" t o  p a r t  i n  10" l e v e l  and t iming requi re -  
ments a t  t h e  1 microsecond l e v e l  can be s a t i s f i e d  
us ing  low frequency radio s i g n a l s  broadcast  from 
s t a t i o n s  such as  W B  or Loran C. The NBS 
Frequency Measurement Serv ice  he lps  t h e  user  

system most appropr ia te  f o r  h i s  needs and 
loca t ion .  
microcomputer, floppy d i s c  u n i t s  and 
p r i n t e r - p l o t t e r .  The uber s u p p l i e s  a dial-up 
phone l i n e  and modem so t h a t  h i s  d a t a  can be 
compared w i t h  d a t a  recorded a t  NBS when 
necessary. t h u s  providing increased assurance 
that  the measurements are v a l i d .  The u s e r  also 
r e c e i v e s  a b u l l e t i n  by mail conta in ing  NBS 
measurements of  m y  signal eources. To assist 
the user  i n  g e t t i n g  the most from h i s  system, NBS 
provides  s p e c i f i c  t r a i n i n g  using t h e  a c t u a l  
equipment i n  one of  its seminars on frequency 
measurements. 

The NBS Global Time s e r v i c e  provides higher  
p r e c i s i o n  time and frequency da ta  and a g r e a t e r  
degree of  automation. A Global Pos i t ion ing  

- System (GPS) r e c e i v e r ,  loca ted  a t  t h e  u s e r ' s  
f a c i l i t y  communicates automatical ly  with an NBS 
computer that s t o r e s  raw data, determines which 
d a t a  elements are s u i t a b l e  for time t r a n s f e r  
c a l c u l a t i o n s  and provides  an opt imal ly  filtered 
va lue  f o r  t h e  time of  t h e  u s e r ' s  c lock w i t h  
r e s p e c t  t o  t h e  NBS atomic time s c a l e s .  The user  
is assigned an waccountw on one of the  NBS 
oolnputers through uhlch he r a y  acceus the r e s u l t s  

- set-up a low frequency rece iver  and d a t a  logging 

A t y p i c a l  system includes a rece iver .  

of the NBS analys is .  Tests. based upon r e c e i v e r s  
i n  Colorado, Germany, France, Washington, DC, 
Wyoming, Cal i forn ia ,  demonstrate t h a t  t h e  system 
can perform time comparisons with a prec is ion  of 
three nanoseconds and frequen comparisons w i t h  
a prec is ion  or one p a r t  i n  107' after f o u r  days 
of operat ion.  

THE HEASUAEKENT ASSURANCE APPROACH 

The most common way t o  relate i n d u s t r i a l  
c a l l b r a t i o n  measurements t o  t h e  n a t i o n a l  
s tandards  is t o  have the  local re ference  
s tandards  c a l i b r a t e d  i n  a way t h a t  provides  
t r a c e a b i l i t y  to the n a t i o n a l  s tandards.  Depending 
upon t h e  required l e v e l  of  accuracy, these 
c a l i b r a t i o n s  may be performed by p r i v a t e  or 
governmental l a b o r a t o r i e s  at the local,  reg iona l  
or n a t i o n a l  l e v e l .  NBS provides approximately 
12.000 c a l i b r a t i o n s  per  year for  t h i s  purpose. 
NBS Cal ibra t ion  s e r v i c e s  are described i n  S p e c i a l  
Publ ica t ion  250 ( a v a i l a b l e  from the Off ice  of 
Physical  Measurement Serv ices ,  National Bureau of  
Standards,  Washington, DC 20234). The cost of 
each c a l i b r a t i o n  is published i n  an Appendix t o  
t h i s  publ ica t ion .  

The ord inary  c a l i b r a t i o n  process  has s e r i o u s  
d e f i c i e n c i e s .  F i r s t .  t h e  s tandard or inst rument  
t o  be c a l i b r a t e d  must t r a v e l  t o  t h e  c a l i b r a t i o n  
laboratory, w I t  Is o u t  of service for a per iod 
of  time. For example, t h e  complete charac te r lza-  
t i o n  of  a cesium beam frequency s tandard  r e q u i r e s  
that it be a t  WBS f o r  a per iod of  n o t  less than 
f i v e  weeks. Even more s e r i o u s  is that t h e  
conf idence . in  the c a l i b r a t i o n  d e t e r i o r a t e s  with 
t h e  passage of  time. 
instrument must be Shipped t o  and from the 
c a l l b r a t i o n  labora tory  c o n t r i b u t e s  substantial ' ly 
t o  t h i s  problem. F i n a l l y ,  only s e l e c t e d  
ind iv idua l  s tandards  or instruments are 
c a l i b r a t e d  and t h u s  l i t t l e  information is 
a v a i l a b l e  concerning whether or not  t h e  t o t a l -  
measurement process  is under cont ro l .  

A genera l  goal or t h e  NBS program is t o  i i c r e a s e  
the  r e l i a b i l i t y  and e f f e c t i v e n e s s  of the n a t i o n a l  
measurement sys tem.  The two new time and 
frequency services are examples of what is 
f requent ly  called "measurement assurance". I n  a 
measurement assurance program, wst of the - 

The f a c t  t h a t  t h e  



measurements are performed a t  t h e  u s e r ' s  s i t e  
rather than a t  t h e  NBS and feedback and a n a l y s i s  
of  measured information is an lmportant p a r t  of 
the  process. I n  a d d i t i o n ,  t h e  NBS e s t a b l i s h e s  a 
long term i n t e r a c t i o n  w i t h  the  user  and assists 
i n  t r a i n i n g  user  personnel. The complete 
measurement process  undergoes repeated s c r u t i n y  
and is therefore  l i k e l y  t o  remain under c o n t r o l  
a t  a l l  times. O f  t h e  s i x  base u n i t s  of 
measurement, -the kilogram, t h e  second. t h e  
Kelvin, t h e  candel la ,  t h e  ampere, and t h e  mole 
- the second is unique by t h e  r e l a t i v e  ease wi th  
which it may be compared by r a d i o  a t  remote 
l o c a t i o n s  without t h e  t r a n s p o r t  of phys ica l  
a r t i f a c t s t .  Because of  t h e  un ique  property of t h e  
second, the new s e r v i c e s  provide t h e  user t h e  
accuracy he r e q u i r e s  through a simple program of  
coordinated measurements made a t  h i s  s i te and a t  
t h e  NBS. No a r t i f a c t s  need be shipped t o  NBS, 
and t h e  user  exchanges c a l i b r a t i o n  d a t a  w i t h  t h e  
NBS v i a  telephone. Thus, t h e  u s e r  o b t a i n s  NBS 
traceable frequency measurements and time 
synchronizat ion i n  real time. T r a c e a b i l i t y  is 
provided a t  whatever l e v e l  is requi red  up t o  the 
u l t i m a t e  s t a b i l i t y  of the NBS atomic time scales 
and the  f u l l  accuracy of  t h e  NBS primary 
frequency s tandard.  S ince  t h e  l i n k  t o  NBS is 
e s t a b l i s h e d  on a r e g u l a r  bas i s .  t h e  u s e r ' s  
confidence i n  the performance of  h i s  in-house 
s tandards  is g r e a t l y  increased.  Because of t h e  
high degree of automation, inherent  i n  both of 
t h e  n e w  s e r v i c e s ,  t h e  improvements in  prec is ion  
and accuracy are obtained with n e g l i g i b l e  
o p e r a t i o n a l  burden on the user .  

NBS FREPUENCY MEASUREMENT SERVICE 

T h i s  new Frequency Measurement Service.  using 
s t r a i g h t  forward measurement techniques 11 1, 
ut i l izes  prec is ion  navigat ion and t iming 
broadcas ts  from Loran-C and W B  t o  provide 
frequency t r a c e a b i l i t y  t o  the NBS a t  approximate- 
l y  a one p a r t  i n  10" l e v e l .  
in t roduct ion  of  t h i s  s e r v i c e ,  t h e r e  did not  e x i s t  
a t o t a l  measurement system w i t h  the following 
f e a t u r e s :  LF r e c e i v e r  and antenna; time i n t e r v a l  
counter ;  dua l  f loppy d i s c  d a t a  s torage  system; 
p r i n t e r / p l o t t e r ;  instrument  controller; and 
te lephone modem data l i n e  to the NBS. 

Figure  1 shows t h e  Loran-C vers ion  of t h e  
frequency measurement system. 
sof tware,  t h i s  system is capable of  monitoring 
Loran-C transmissions.  s t o r i n g ,  l i s t i n g  and 
p l o t t i n g  the frequency c a l i b r a t i o n  data .  Figure 2 
is a sample p l o t  of phase v s  time. The s lope  
c a l c u l a t e d  by the system program is the frequency 
o f f s e t  of t h e  u s e r ' s  clock. The numerical va lue  
o f  t h e  c a l l b r a t i o n  is pr in ted  on each p l o t .  The 
p l o t s  are made automatical ly  once each day. Four 
s e p a r a t e  frequency aources can be c a l i b r a t e d  
simultaneously. 

The n e w  NBS Frequency Measurement Serv ice  is more 
than  an automated d a t a  a c q u i s i t i o n  system. It  
begins  w i t h  consul ta t ion  between NBS staff  and 
t h e  u s e r  t o  determine the best method of  
s a t i s f y i n g  the u s e r ' s  requirements. 

R ior  t o  t h e  

Using t h e  NBS 

I f  t h e  

Frequency Measurement Serv ice  is s e l e c t e d ,  
consul ta t ion  cont inues t o  determine t h e  most 
appropr ia te  r a d i o  t ransmission including an 
a n a l y s i s  of p o s s i b l e  propagation and recept ion  
problems. The second s t e p  is t r a i n i n g  of t h e  
u s e r ' s  t echnica l  s t a f f .  A genera l  foundation i n  
time and frequency measurement techniques is 
provided by t h e  two year ly  NBS Seminars: 
"Frequency Measurements" ana "Frequency S t a b i l i t y  
a n d  Its Measurement". Direct experience w i t h  t h e  
equipment used i n  the  frequency disseminat ion 
s e r v i c e  w i l l  be provided using equipment now 
opera t ing  a t  t h e  NBS f a c i l i t y  i n  Boulder, 
Colorado. S t e p  t h r e e  is t h e  a c q u i s i t i o n  of t h e  
necessary measurement equipment. I f  des i red ,  NBS 
can provide t h e  complete in tegra ted  measurement 
system, insur ing  tha t  a l l  t h e  p a r t s  are 
compatible and opera te  w i t h  the  NBS software.  
F ina l ly ,  the  NBS w i l l  consul t  with t h e  user  
during t h e  i n s t a l l a t i o n  of t h e  antenna, t h e  
i n i t i a l  set-up of the  equipment and v e r i f i c a t i o n  
of proper operat ion.  I n t e r a c t i o n  between t h e  NBS 
and t h e  u s e r  w i l l  cont inue throughout t h e  program 
and the user  w i l l  r e c e i v e  NBS data v i a  the 
monthly "Time and Frequency Bullet in ."  Also, 
through d i r e c t  computer-to-computer d a t a  
exchanges, t he  NBS w i l l  monitor t h e  u s e r ' s  d a t a  
without i n t e r f e r i n g  with t h e  opera t ion  of the 
u s e r ' s  measurement system. Thus the  NBS w i l l  be 
able t o  help diagnose any anomalies. F i n a l l y ,  t h e  
NBS w i l l  provide a d d i t i o n a l  t r a i n i n g  for newer 
s t a f f  members and w i l l  upgrade the  c a l i b r a t i o n  
s e r v i c e  w i t h  f u t u r e  releases of  improved sof tware 
and c a l l b r a t i o n  equipment. 

NBS GLOBAL TIHE SERVICE 

With t h i s  new s e r v i c e  the user can synchronize 
h i s  re ference  clock w i t h  r e s p e c t  t o  UTC(NBS) wi th  
s ta te-of- the-ar t  p rec is ion  and accuracy. The  
s e r v i c e  u t l l l z e s  t h e  clear access Signal  
broadcast  from the  Global Pos i t ion ing  System 
(GPS) satellites. The time t r a n s f e r  measurements 
are made using a common-view technique, thereby 
e l imina t ing  t h e  noise  cont r ibu t ion  from t h e  clock 
errors of the CPS system and g r e a t l y  reducing the 
e f f e c t  of  ephemeris errors 123. When t h e  NBS 
Calculated c o r r e c t i o n s  are appl ied  t o  the u s e r ' s  
clock, t h a t  clock becomes a high p e r i o r m n c e  
re ference  wi th  the following c h a r a c t e r i s t i c s .  
Between one and our ays. 
mod o (T) E 10-15r-3/$31. For longer  ttys. up 
t o  apgrorimately one-month, o y ( T )  E 10- . 
Figure 3 shows t h e  r e s u l t s  of a n  a n a l y s i s  6f  d a t a  
taken between Boulder and Paris confirming t h i s  
performance l e v e l .  As a r e s u l t  of  these very high 
prec is ion  time t r a n s f e r s .  t h e  u s e r  no t  only has  
access t o  a very s t a b l e  frequency re ference  b u t  . 
also gains  d i r e c t  access  t o  the U.S. primary 
frequency s tandard WBS-6. Access t o  NBS-6 makes 
it popgible t o  set an absolu te  l i m i t  of  one p a r t  
i n  10 on the frequency excursions of the  u s e r ' s  
c lock.  Another way t o  express t h e  q u a l i t y  of, 
t h i s  dervice 1s t o  MY that, for time per iods  
longer  than approximately four days, t h e  user  can 
take advantage of the f u l l  c a p a b i l i t y  of the NBS 
atomic time scale. The performance is almost t h e  
same as 11 t h e  user  uere loca ted  i n  t h e  next  room 
and connected by a c o a x i a l  cable .  



The NBS Global T ime  Serv ice  is more than j u s t  a 
GPS time t r a n s f e r  rece iver .  A r e c e i v e r  a lone 
provides  only s h o r t  term measurements of the time 
of the u s e r ' s  c lock r e l a t i v e  t o  t h e  t i m e  of a 
space vehic le  clock or GPS time. The NBS s e r v i c e  
provides ,  i n  addi t ion :  determinat ion of t h e  
u s e r ' s  p o s i t i o n  (necessary for time t r a n s f e r  

measurements between t h e  user  and t h e  NBS; 
automatic c o l l e c t i o n  by the NBS of  t h e  data  from 
t h e  u s e r ' s  r e c e i v e r ;  computation by t h e  NBS of 
t h e  UTC(NBS) - user  c lock time d i f f e r e n c e s ;  and 
optimum f i l t e r i n g  of t h e  d a t a  t o  provide a d a i l y  
best es t imate  of t h e  time of t h e  users clock w i t h  
r e s p e c t  t o  LITC(NBS). The NBS provides  each user  
w i t h  a monthly r e p o r t  giving t h e  computed d a l l y  
time d i f f e r e n c e s ,  t h e  computed d a i l y  frequency 
d i f f e r e n c e s  and t h e  Allan var iance  of t h e  u s e r ' s  
clock. F igure  4 is a p l o t  of time d i f f e r e n c e  
d a t a  taken from one of t h e  Global Time Serv ice  
r e p o r t s .  The user  is assigned an "accountn on 
one of t h e  NBS computers through which he may 
d i r e c t l y  access the r e s u l t s  of the NBS a n a l y s i s .  

The s e r v l c e  u t i l i zes  a GPS receiver developed a t  
t he  NBS and now i n  comercial production C43. 
Figure 5 is a photo of the  NBS prototype.  The 
r e c e i v e r  has 0.1 M prec is ion  and nonvola t i le  
memory f o r  d a t a  s torage .  A simple. small 
o w l - d i r e c t i o n a l  antenna makes it poss ib le  t o  
lock r.m to any s a t e l l i t e  whose e l e v a t i o n  angle  is 
greater than 5 degrees. The rece iver .  in te r faced  
t o  a p r i n t e r  a l lows  local d isp lay  of the raw CPS 
measurements and a telephone lrodem provides  
communications wi th  NBS. The u s e r  is respons ib le  
for providing a dial-up telephone l i n e  so t ha t  
t h e  NBS may d i r e c t l y  access  t h e  d a t a  from t h e  
rece iver .  T h i s  telephone l i n k  is an essential 
element Of the  d a t a  comunica t ions  that  g i v e s  t h e  
u s e r  access to  uTC(HBS). 

SUWHARY 

The two new measurement s e r v i c e s  of fe red  i n  1983 
extend t h e  range and c a p a b i l i t y  of the o ther  
frequency and time s e r v i c e s  of fe red  by NBS: 
telephone time of day; high frequency broadcas ts  
( W V  and WKVH); low frequency broadcast  ( W B ) ,  
t h e  GOES mtelli te tin code; and labora tory  
c a l i b r a t i o n s .  These s e r v i c e s  previously provided 
r o u t i n e  time synchronizat ion c a p a b i l i t y  i n  the 
one second to 25 microsecond range. The n e w  
s e r v i c e s  offer enhanced automation and a g r e a t e r  
confidence in the m s u l t s  of  the measurements. I n  
8ddi t ion .  NBS provides  consul ta t ion  t o  assist the 
user i n  s e l e c t f n g  the b e s t  bolution t o  h i s  
problems, i n i t i a l  t r a i n i n g  and follow-up 
c o n s u l t a t i o n  uhenever measurement problems are 
detected. The new time and frequency s e r v i c e s  
provide t r a c e a b i l i t y  t o  NBS and a d i r e c t  l i n k  t o  
one of the vorld's best time scales. They 
g r e a t l y  reduce the need for t h e  user  t o  become an 
exper t  on t h e  i n t r i c a c i e s  of  navigat ion systems 
such as Loran< and GPS. The systems r e l i a b i l i t y  
w i l l  be high because a l l  t h e  components are 
woif-the-sheltn corrmercial equlpment and because 
lIBS maintains  the systems to minimize hardware 
railures. 

measurements) ; DChedUling or conmon view 

+The seventh base u n i t ,  t h e  mole, is now defined 
i n  terms of t h e  second. 

++Certain commercial equipment. instruments ,  or 
m a t e r i a l s  are i d e n t i f i e d  i n  t h i s  paper i n  order  
t o  adequately spec i fy  t h e  experimental procedure. 
Such i d e n t i f i c a t i o n  does no t  imply recommendation 
or endorsement by t h e  Nat ional  Bureau of 
Standards,  nor does i t  imply t h a t  t h e  mater ia l s  
or equipment i d e n t i f i e d  are necessar i ly  t h e  b e s t  
a v a i l a b l e  for t h a t  purpose. 
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Figure 1 a Photograph o f  frequency measurement system' 
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Figure 2 ,  Sample plot  of  cal ibrat ion data from the 
frequency measurement system 
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Figure 3 ,  Modified Allan variance analysis o f  the NBS Global 
Time Service, The plus signs refer to measurement -- 
system noise and the circles refer to the noise o,f 
the reference clocks, 



Figure 4, Sample plot o f  time transfer data provided 
monthly to users o f  the Global Time Service, 



Figure 5, Photograph o f  prototype receiver for the 
NBS Global Time Service 


